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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND

Pile foundations are often required to resist lateral loading. Lateral loads come from a variety
of sources including wind, earthquakes, waves, and ship impacts. The lateral capacity of a pile is
usually much smaller than the axial capacity and as a result groups of piles are often installed to
increase the lateral capacity of the entire foundation system. When vertical or plumb pile groups do
not provide sufficient lateral resistance the piles can be battered in order to mobilize some of the
higher axial capacity‘to resist the lateral load.

The behavior of piles under lateral loading is complicated. This complexity is due to the fact
that the pile’s deflection depends on the soil response and that the soil response is dependant upon
the pile’s deflection. A method of modeling lateral behavior for a single pile is the use of non linear
curves that relate soil resistance (p) to pile deflection (y) at all points along the pile, which itself is
modeled as a beam-column. Typically, the p-y curve for a single pile is then muitiplied by a p-y
multiplier to account for the loss of resistance due to the presence of other piles within a group, the
so called shadowing effect. This loss of resistance is caused by the disruption of adjacent shear zones
between piles in a group.

Past research in this area has centered around full scale lateral load testing and centrifugal
lateral load testing. Full scale lateral load tests are very expensive and as a result there have been few
conducted. In the absence of full scale tests, centrifuge tests have proven to be an inexpensive and
good substitute. In such tests a scaled down model of the prototype pile is placed in the centrifuge

and subjected to an artificially high acceleration field. This acceleration field reproduces the insitu



stresses due to gravity that the prototype pile would experience. A lateral load test can then be run

in flight and the results scaled up to the prototype.

1.2 OBJECTIVE

This research is sponsored by the Florida Department of Transportation and is part of an on

going study of the effects of ship impact loads on waterway structures underlain by pile foundations.

The objectives of this research are:

1.

To modify the existing pile driver and make it capable of driving 3 by 3 and 4 by 4 battered
pile groups in flight onto a base plate and achieve fixed head conditions at the pile cap.

To instrument each of the piles in both groups to measure shear and axial force and bending
moment.

To conduct the lateral load tests in samples with relative densities of 36% and 55% and also
to test with dead loads equivalent to 20%, 50%, and 80% of the vertical capacity of the model
pile group.

Analyze the effect of dead load on the lateral capacity at different relative densities.

To gather data about the internal force distribution of the pile groups and to investigate the
pattern of pile group rotation.

Finally, to use measured test data to validate a coupled bridge superstructure-foundation-

finite-element-code (FLORIDA- PIER).

1.3 SCOPE OF TESTING

Eighteen tests were conducted throughout this project. The following table presents the

testing schedule that was followed.



In the 3 by 3 tests the 3F6R and 6F3R designations state the ratio of piles battered in tension
and compression. The number before the F stands for the number of piles battered in the forward

direction, the direction of the applied load.

Table 1-1 Testing Schedule

Density 3by3 4by 4
3F6R 6F3R 8F8R
36% 3 3 3
55% 3 3 3

Similarly the number before the R represents number of piles battered in the reverse direction, the
direction opposite to the applied load. The 4 by 4 tests have no such distinction as the even number
of rows ensures that the number of piles battered in either direction will be equal. The outer two
rows for the four by four group were battered reverse and the inner two rows were battered forward.
The three tests in each category are for the three dead loads, nominally equal to 20%, 50%, and 80%

of the vertical bearing capacity, on the pile group.

1.4 THEORY OF SIMILITUDE

In centrifuge research, modeling is used to reproduce the behavior of some larger prototype
structure in the relatively small confines of a centrifuge. This represents major savings when com-
pared to the cost of conducting a full scale test. In the scaling down from, model to prototype it is
assumed that the same soil response will be observed. The most important soil response in geo-

technical engineering is the stress-strain behavior of a soil. When a soil sample is in flight it is sub-



jected to a radial acceleration acting outward from the center of rotation and a gravitational accelera-
tion acting downward and perpendicular to the radial component. The mod-el experiences centrifugal
force acting on it as it spins. The magnitude of this force depends upon the radial distance from the
center of rotation to the model and on the number of RPM’s. The force due to gravitational accelera-
tion acts perpendicular to this and is much smaller than the radial force when the centrifuge spins fast
enough. Under that condition it can be assumed that the model is only influenced by the centrifugal
force and radial acceleration at high enough RPM’s.

The centrifugal acceleration acts on the model as gravitational acceleration would act on the

prototype. The general equation for stress due to an acceleration is,

o=y -z (alg)

where ¢ = stress in soil
Y = unit weight of soil
a = centrifugal acceleration
g = gravitational acceleration
The stresses in the model must be equivalent to the prototype stresses. As a consequence of
this the stress (o), unit weight (y), and gravitational acceleration (g) remain constant between model
and prototype. The depth of soil (z) is much smaller, requiring an increased acceleration (a) to main-
tain equivalency. The ratio of centrifuge to gravitational acceleration is defined as N and is called the
scaling factor. Once the tests are complete the tests can be scaled up using the N. Table 1-2 gives

the scaling relationships for some important soil properties.



Table 1-2 Centrifuge Scaling Properties

Property Prototype Model
Acceleration [L/T?] 1 N
Area [L?] 1 /N
Density [M/L?] 1 1/N?
Force [ML/T?] 1 /N?
Linear Dimension [L] 1 1/N?
Mass [M] 1 1/N?
Moment [ML?] 1 N
Strain [L/L}] 1 1
Stress [F/L?] 1 1
Unit Weight [F/L?] 1 1
Volume [L?] 1 1
5
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CHAPTER 2
LITERATURE REVIEW

The following literature review will focus on a discussion of previous full scale and centrifugal
lateral load tests.
2.1 FULL SCALE LATERAL LOAD TESTS

One of the first recorded lateral load tests was conducted by Feagin (1953) at Lock No. 25
on the Mississippi river in 1936. The purpose of the testing was to determine the resistance of
battered, plumb, and groups of battered and plumb piles together to lateral loading. Some of the pile
groups tested included: a 2 by 4 group with the two lead row piles battered in tension, and the rest
plumb, a 3 by 3 group with the middle row battered in compression and the outer row piles plumb,
a 2 by 4 group with all the piles battered in compression, and a 2 by 4 group with the lead and second
rows battered in tension and the third and trail rows battered in compression. The test also called for
the application of vertical loads on the pile caps. The piles themselves were 32 foot steel pipe piles
with a wall thickness of 0.218 inches and an EI of 1.518 X 10° ton-in. The piles were driven 30 feet
into the ground and the tops were encased in a 2 foot thick concrete pile cap. All of the battered piles
were inclined at 20 degrees to the vertical. The soil at the site was a fine to coarse sand with some
gravel as determined from the boring logs. The data reported the deflections for 57, 10T and maxi-
mum lateral load per pile, as well as the load required for 0.25 inches of deflection.

The following conclusions were made from the test data:

1. Groups with battered piles were always more resistant than groups with the same number of
plumb piles, regardless of the batter direction. Groups with a combination of battered and

plumb piles had a higher lateral capacity than all plumb pile groups.



2. The resistance of a pile battered in compression increases with the application of a vertical
load whereas the resistance of a pile battered in tension does not in_crease significantly in the
presence of a vertical load.

3. Pile groups with piles battered in both the tension and compression directions showed higher
resistance to lateral loading than groups with piles battered in a single direction.

4. Piles battered in compression showed a higher lateral resistance than piles battered in tension
for similar pile group configurations, with or without vertical load.

Another important test was conducted by Tschebotariof (1953) in which the capacity of a
single pile battered 15 degrees in tension and compression and plumb was measured. The results
showed that the lateral capacity of a pile battered in compression was much smaller than the capacity
of a pile battered in tension. The tension pile had a capacity that is 50% to 70% higher than the
capacity of the compression pile. The tension battered pile was also higher than the plumb pile which
itself was higher than the compression pile. He attributed the capacity difference between the two
battered piles to the tension pile’s larger passive shear block.

Another test was done at the Foundation Test Facility at the University of Houston, (Brown
et al., 1988). In this test a single plumb pile and group of steel plumb pipe piles were driven into a
dense sand that was artificially saturated using underground pipes. The piles in the group were
arranged into a 3 by 3 configuration with a 3 diameter spacing and were 40.5 feet long, 10.75 inches
in diameter and had wall thicknesses equal to 0.375 inch.

All the piles were instrumented to measure the distribution of bending moments along each
pile, the distribution of load to each pile, and the slope at the top of each pile. These measurements

would help determine the soil resistance as a function of depth for each pile. Inside each of the piles



in the group a smaller 6.625 inch diameter pipe was grouted and strain gages were attached. The
single pile was instrumented by putting strain gages on the outer surface c;f the pile.

The soil at the site was a medium dense sand with a stiff clay layer above it. The site had been
excavated and the sand placed in 6 inch lifts with a relative density approximately equal to 50%. It
was assumed that the sand response was more significant than the clay because the sand layer
extended to a depth of more than 10 pile diameters. The piles were loaded cyclically using a double
acting hydraulic cylinder attached to a moment free loading frame. From the test results it was
determined that 45% of the applied load is taken by the lead row, 32% is taken by the middle row and
23% by the trail row. It was also noted that the deflection of the pile group was more than of the
single pile. This is due to the movement of the leading rows which makes the soil ahead of them flow
around it, thereby reducing the lateral load bearing capacity behind them. This shadowing effect
tends to reduce the loads taken up by the trailing rows. From a comparison of the single pile to pile
group data the efficiency of each pile in the group was determined. The p-y multiplierS were back

calculated as 0.8 for the lead row, 0.4 for the middle row, and 0.3 for the trail row.

2.2 CENTRIFUGE LATERAL LOAD TESTS

At the University of Florida centrifuge lateral load tests began in 1992 with Vander Linde’s
development of a model pile group and pile driving equipment. It continued with Clausen’s (1992)
experiments with 5D pile groups in loose sand (D, = 36%). McAdams (1993) conducted 3D tests
in both loose and medium dense sands. McVay et al. (1994b) conducted further 5D tests in medium
dense sands and analyzed all previous data. The prototype response and the p-y multipliers were

predicted using COM624P. The following conclusions were reached from this research.



1. For a group with 3D pile spacing the distribution of load varies from 41%, 32%, and 27% for
medium dense sands and from 37%, 33%, and 30% for loose sands-. Clearly, the load distri-
bution depends upon soil density.

2. Theload distribution for a 5D configuration does not significantly change with a changes in
soil density. For medium dense sands the distribution was 36%, 33%, and 31% and 35%,
33%, and 31% for loose sands.

3. The p-y multipliers determined using COM624P were 0.8, 0.4, and 0.3 for medium dense
sands and 0.65, 0.45, and 0.35 for loose sands in a 3D configuration. This implied that the
efficiency of a 3D group is about constant and is not dependant upon the soil density.

4. From a comparison of the 3D and 5D tests it was concluded that the shadowing effect , the
decrease of lateral load taken up by the trailing rows, was less significant in the 5D tests. The
5D test results showed less variation in load percentage between the lead and trailing rows
than did the 3D tests. Also in the 3D tests the load distribution was more skewed toward the
leading row for the groups founded in medium dense soil.

5. Because of an improperly functioning locking mechanism on the pile cap all the test data are
for free head piles.

TE-I Shang (1994) Performed lateral load tests on 3 by 3 batter pile groups in medium dense
(D, = 55%) and loose (D, = 33%) sand. A series of plumb pile tests were conducted for comparison.
The pile spacings used were 3D and 5D. The results were as follows:

1. The groups in the higher density sample had significantly higher lateral resistance than did the

looser samples. At 3 inches lateral deflection the 3D pile group has a 57% higher lateral

capacity in a 55% than in a 33% relative density sample. Also at 5D spacing the pile groups



in the 55% relative density samples had a 48% higher lateral capacity than the ones in the
33% relative density sample. *

In both dense and loose samples, the pile groups arranged in SD spacing had a higher lateral
load capacity than the ones arranged in 3D spacing. In particular, the *capacity was 28%
higher in the 55% relative density sample and 36% higher in the 33% relative density sample.
This was attributed to the reduction of overlapping passive shear zones between piles with
increasing distance. At 5D spacing there is less overlapping and disruption of adjacent
passive shear zones than at the closer 3D spacing.

The pile groups with 6 piles battered in tension always provided higher lateral resistance, for
the same pile spacing and relative density, than their counterparts with only three piles
battered in tension. This disparity was especially noticeable for the 3D pile group at 55%
relative density and for the 5D pile group at 33% relative density. Two possible explanations
for this phenomenon were offered. The first stated that if it is assumed that each pile battered
in tension can provide the same skin friction then the difference in lateral capacity is merely
due to the difference in the number of piles. The second one is based on the assumption that
the passive earth pressure of the soil zone in front of a pile battered in tension is greater than
the one in front of a pile battered in compression. It follows then that this would lead to a
group with six piles in tension having a higher lateral capacity.

A series of plumb pile tests was conducted to compare results with the batter pile groups. For
all cases except the 3D at D, = 33% the slope of the load deflection curve for the battered pile
group was steeper than the plumb pile group from O to 1 inch lateral deflection. This stiffer
response eventually softened and the curves became parallel. The initially steeper slope repre-

sents the battered pile group’s greater efficiency of lateral resistance and its flattening out is

10



a reduction in efficiency. The reason that the 3D group at 33% relative density showed no
significant increase over the plumb pile response was that the looée sand condition and the
proximity of the piles in the group effectively negated any increase in resistance that the
battering could furnish.

During these tests a dead load was added to the pile group with 3D spacing and three piles
in tension in a 55% relative density sample. As was expected the lateral resistance increased.
In particular it increased 31% over the battered pile group with no dead load and 54% over
the plumb pile group at 1 inch of lateral deflection. At 3 inches of deflection the lateral resis-
tance was 17% higher than the battered group with no dead load and 24% greater than the
plumb pile group.

Molnit (1995) made new centrifuge equipment for lateral load tests on plumb piles but was

unable to get it working properly. Eventually, the tests were finished and the results were analyzed.

The tests were on 3 by 3, 3 by 4, 3 by 5, 3 by 6, and 3 by 7 pile groups in loose (D, = 33%) and

medium dense sand (D, = 55%) sands. This was done in order to determine the p-y multipliers

because it was not known if they were a function of the group’s ultimate load and deformation or if

they were constant. The p-y multipliers were back calculated using FLORIDA-PIER. The following

conclusions were reached:

L

The lateral resistance of an individual row is independent of the group size, it is function of
row position and the soil density.

For the medium dense sands (D, = 55%) the p-y multipliers used in FLORIDA-PIER were
0.8, 0.4, 0.3, 0.2 for the lead to trailing rows and they were 1.0, 0.4, 0.3, 0.2 and 0.2 for the

loose sand (D,=33%). Because of the similarity in all the multipliers it was suggested that

11



values of 0.8 for the lead row, 0.4 for the second row, 0.3 for the third row, and 0.2 be used

for the trailing rows be used in all cases.

12






CHAPTER 3
CENTRIFUGE EQUIPMENT AND MODIFICATIONS

3.1 INTRODUCTION

The existing equipment for driving and testing battered piles was not sufficient for this new
research and modifications were necessary. The equipment used in this experiment was a modifica-
tion of the pile driver used in Shang’s (1994) experiments and the bucket used in Molnit’s (1995)
experiments. This chapter focuses on the current equipment and the modifications done to it. The
centrifuge itself was designed and constructed by John Gill in 1988. It has since been modified so that
the distance from the center of rotation to the platform is 63.375 inches and it now has an allowable
payload of 12.5 g-tons. The electrical access to the centrifuge is provided by two 40 channel electrical

slip-rings while the pneumatic access is provided by a two port hydraulic rotary union.

3.2 CHANGES TO BUCKET

The existing bucket is made of aluminum alloy 6061 and uses bolts for all of its connecting
joints. It is rectangular in shape with an inside length, width, and height of 18, 10, and 12 inches
respectively. A picture of the driver and bucket is shown in Figure 3-1. The base plate that the bucket
is attached to is 5 inches wider on the short sides of the rectangular box.

In past experiments, four hydraulic cylinders were mounted on the bucket and used for pile
driving. In these experiments the cylinders were removed because the piles were to be driven by air
pressure. A pair of aluminum channels bolted to the bottom of the plate provide reinforcement.
Additionally, four 1/4 inch holes were drilled into the top side walls of the bucket. These holes are
aligned with four steel pins on the driver and are used to ensure proper alignment between the bucket

and driver.
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Figure 3-1 Pile Driver and Bucket
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3.3 TRAP DOOR

The trap door was used to hold the base plate while the driving pistorhns pushed the piles down.
Once the piles were on the base plate, the pressure in the pistons was adjusted to a setting pressure
for three hours to allow the epoxy to hardened. The trap door had to hold the pile cap in place during
both driving and epoxy setting otherwise the pile and base plate would be pushed down into the soil
sample and the centrifuge would have to be stopped and the test started over.

The trap door itself was a rectangular piece of aluminum with a 5.9 inches by 4.5 inches cut
and a 0.5 inch hole at each of the four corners. Through each of these holes the threaded shaft of an
air piston was linked to the trap door by a nut. Bimba air pistons with a 1-1/16 inch diameter were
used to lift the trap door up during the 3 by 3 pile group tests. They were inadequate for the 4 by
4 tests with its higher dead loads and higher setting pressures. They were subsequently replaced by

air pistons with a 2 inch inner diameter.

3.4 STEEL FRAME

The driving mechanism was attached to the bucket using a rectangular steel frame with a hole
in each of the corners. These holes approximately lined up with the holes that formerly held the
hydraulic pistons onto the bucket. Threaded steel rods were inserted through the frame and through
both sets of holes. At the bottom of the bucket a nut with several washers was screwed onto the rod
thereby securing the driver onto the bucket. The frame itself served as a mechanism for firmly

securing the driver to the bucket.
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3.5 DEFLECTION AND LOAD MEASURING DEVICES
351 i in

A Linear Variable Differential Transducer (LVDT) was used to measure the deflection of the
pile group in the horizontal and vertical directions. The horizontal LVDT was mounted to one end
of the bucket by a threaded connection. The shaft of the LVDT was allowed to touch a steel bar that
was connected to the loading piston. The movement of the steel bar during loading, which equaled
the deflection of the pile group, was recorded by the LVDT. The vertical LVDT was mounted on
the pile driver at the opposite side of the bucket. A small rectangular piece of aluminum was attached
to each pile base plate and served as the contact point for the vertical LVDT. The range of the
LVDTs was + 0.3 in. to - 0.3 in. They required 30 DC volts which was provided by a +15 volt to
-15 volt DC power supply.
352 ri

A 4 inch air piston mounted on a aluminum plate attached to the bucket was used to apply
the lateral load for these tests. A shaft guided by a pillow block ball bearing, which helped to reduce
friction as the shaft moved, was used to transfer the load from air piston to the pile group. At the tip
of the shaft a 1000 pound load cell was mounted to measure the applied load. The amount of air
pressure applied to the loading piston was regulated by the pneumatic manually operated control

panel that is described in Chapter 5.

3.6 DATA ACQUISITION DEVICES

3.6.1 HRE

The system used for data acquisition was a 486, 33MHz Personal Computer with a 16 bit

HRES card for the voltage readings and three EXP-20 multiplexers with 16 channels each (i.e., 48

16




channels total). In this experiment the data acquisition card was programmed to handle bipolar
voltage readings due to the possibility of negative readings. The card sa-mpled readings on eight
analog channels and then translated them into a digital signal using the HRES card. The 16 bit card
used in this experiment had a precision of 2'¢ bytes or 65,536 bytes per 10 volt (uni polar) when the
gain setting was set to 1. This allowed voltage readings between -10 V and +10 V with a factor of
translation equal to 0.305 mV/byte using a HRES gain setting equal to 1. The HRES card can
transmit a four bit digital signal through the 50 pin ribbon cable that was linked to a connector box
placed outside the centrifuge. This connector box accepted data on all eight input channels and was
used for sampling the LVDT (channel 4), weighing the sample container, and sampling the load cell
(channel 5).
3.6.2 EXP-20 Multiplexer

The three multiplexers used in this experiment were placed on the centrifuge arm. They were
housed in a data acquisition box and were used to sample strain gage and load cell readings. The gain
setting was set at 3 which amplified the output signals from the load cells and strain gages 300 times.
When taking bipolar voltage readings with the HRES the gain was set to 1, the voltage output from
the signal source was translated to digital signal by a factor of 1.017 micro volts per byte. On this
setting the maximum and minimum source outputs that can be read through the multiplexers were
+ 32,767 bytes or 33,333 micro volts. A picture of the multiplexer mounted on the centrifuge arm

with the pile plugs inserted is shown in Figure 3-2.

3.7 AIR PRESSURE SYSTEM
The pressure needed to drive the piles and hold the trap door stationary was provided by the

Laboratory air compressor. It was supplied to the centrifuge through a pneumatic rotary union to
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Figure 3-2 Multiplexer Mounted on Centrifuge Arm

a pair of solenoid air valve manifolds, which were mounted on the centrifuge arm. From there the
air was sent to the Bimba air pistons. Both manifolds had four valves with two ports each. One of
these four sets of valves are shown in the bottom left corner of Figure 3-2. In this experiment three
of the valves were used for driving the piston rods on each Bimba piston and three more were used
for the following functions: retracting the piston rods, controlling the trap door, and loading the
group. Each valve has a pair of output ports marked as A and B and a pair of corresponding vents
marked as EA and EB. Only ports A and vents EA were used in this experiment to apply and release
air pressure. The ports B and vents EB were not used and were sealed. When an individual port was
activated during testing the A port was opened and vent EA was closed and the reverse was done
during deactivation. The link from the air valve on the solenoid to the various pistons on the swing

out platform was made using plastic tubing. Three such tubes linked three of the air valves on the

18



solenoid air valve manifold with the top ports of the driving pistons. A fourth tube linked all three
bottom ports of the same driving pistons to the air supply. A fifth tube con;lected an air valve to the
top port of the trap door piston and a sixth one connected an air valv'e to the loading piston mounted
on the bucket.

An air pressure regulator was used to regulate the 100 psi air input from the laboratory air
compressor and an air pressure control panel to distribute the pressure through this network to the
pistons. The control panel consisted of a three and a four way air valve and six electrical toggle
switches that were linked to a 24 volt DC power supply. A picture of this is shown in Figure 5-4 in
Chapter 5. Each switch controlled an air valve on the manifold and sent 24 volts to energize the
solenoid and open port A, delivering air pressure to the loading piston.

The air from the compressor went through a T fitting where it was separated into two
streams. One stream went to a three way valve and eventually to the trap door air pistons. The other
went to the air regulator and was divided by another T fitting. One part of this air went directly
through the pneumatic rotary union and to the air manifold where it controlled the pile driving and

piston rod retraction during testing. The other went to the three way air valve.

3.8 VIDEO MONITORING SYSTEM

During pile driving and lateral load testing a PANASONIC black and white camera was used
to monitor the activity. It was mounted on the centrifuge arm on an aluminum C channel, which rose
vertically, and was focused on the pile driver and pile group. The camera was visible in the upper
right hand corner of Figure 3-1. The image was transferred onto a monitor in the control room and

was observed throughout the duration of the test.
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CHAPTER 4
MODEL PILES AND TEST SAND PROPERTIES

4.1 PILES

The piles used in both sets of tests were solid aluminum (alloy 6061) and were 12 inches long
and 0.375 inch square. Each pile had twelve strain gages on it that were attached to the piles in three
sets of four strain gages. The first two sets were affixed to the tension and compression sides of the
pile, using a two part adhesive, to measure the shear force. These strain gages were from Omega and
were type SG-3/1000-DY43 with a gage factor of 2.05 and an electrical resistance of 1000 ohms.
Wires were soldered to the gages’solder pads and were then connected to the terminal pads on the
side of the pile. From these terminal pads the gages were connected to a full wheatstone bridge con-
figuration. The third set of strain gages was placed in pairs below the first two sets of gages and was
used to measure the axial force applied on each of the piles. They were also linked from their solder
pads to the terminal pads on the side of the piles and then to a full wheatstone bridge. The strain
gages were from Micro-Measurements and were type N2A-06-S053P-350 with a gage factor of 2.08
and an electrical resistance of 350 ohms.

In all cases the strain gages were brushed with a protective coating, covered with silicon, and

then wrapped in masking tape for protection.

4.2 PILE GROUP CONFIGURATION

A picture of the pile group configuration is given below in Figure 4-1. A desciption of each

part of the pile groups is given in the following sections.
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3 by 3 Pile Group 4 by 4 Pile Group

Figure 4-1 Pile Group Configuration

4,21 Pile Cap

The pile group for each experiment consisted of two parts. The first part was the top of the
pile rows or the pile cap. A picture of the piles attached to the cap is shown in Figure 4-2. Each row
of piles in both sets of experiments were connected to an aluminium pile cap that was made of two
parts, held together by four allen bolts for the 3 by 3 tests and by five allen bolts in the 4 by 4 tests.
At either end of the pile cap there was a hole to allow the pile cap to travel down along the guide rods
during driving. The guide rods will be discussed in the section describing the pile base plate.

In the 4 by 4 tests the middle pile cap actually contained the inner two pile rows where in the
3 by 3 tests the pile cap contained just the middle row. Also in the 4 by 4 tests the dead load needed
for 80% of the vertical bearing capacity of the pile was epoxied to the middle pile cap.
4,22 Pile Base Plate

The second part of the pile group was the base plate. The pile base plate was 5.25 inches long,

5.5 inches wide, and 0.375 inch thick. The holes for the piles themselves were 0.875 inch in diameter.

21



Figure 4-2 Pile Cap and Piles

The 3 by 3 pile base plate was 5.25 inches square and 0.375 inch thick. On the end where the lateral
load was to be applied, a 2 inch by 1 inch aluminum plate was screwed on, perpendicular to the pile
base plate to provide a normal contact area for the loading rod. On the opposite end a 2 inch square
aluminum plate, with the outside corners chamfered, was screwed on, parallel to the pile base plate
to provide a horizontal contact area for the vertical LVDT. Dead load was attached to the bottom
of the pile base plate in the form of rectangular lead bars. Figure 4-3 is a photograph of the base
plates used. When the piles were driven in flight, the pile cap would be pushed down onto the pile
base plate. After this, three hours was allowed as a setting time for the epoxy so that the two parts
would act as a singular pile cap during loading. Pile driving and lateral load testing will be discussed

in detail in Chapter 5.
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Figure 4-3 Pile Base Plates and Guiding Rods

423 Pile Dead I.oad

The testing outline for these experiments called for a dead load on the pile groups during
lateral loading. In particular, dead loads of 20%, 50%, and 80% of the vertical bearing capacity of
each pile group were applied. The vertical bearing capacity was determined by conducting axial
loading tests on 3 by 3 and 4 by 4 pile groups at 36% and 55% relative density. The results of these
tests are shown in Figure 4-4 and the results of this capacity determination method are listed in Table
4-1. Once these capacities were determined it was discovered that the dead weight due to the guiding
rods, pile caps, and base plate was approximately equal to 20% of the bearing capacity of each group.
The weight need for the 50% and 80% dead loads were fashioned out of lead and they were all
attached to the pile group at either the bottom of the pile base plate or on top of the individual pile
row caps. Inthe 3 by 3 tests a n'hg of lead was attached to the bottom of the pile base plate to supply

the dead load for 50% of the axial group capacity. For the 80% dead load a lead bar was placed on
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Table 4-1 Pile Group Bearing Capacities

Density 3by3 4by4
(o) (kN) (Kip) (kN) (Kip)
36 8400 1876 6063 1363
55 6900 1540 7410 1666

each pile row cap. In the 4 by 4 tests a lead ring attached to the pile group base plate provided the
dead weight equal to 50 % of the capacity. An additional lead weight was placed on top of the

middle two rows to provide the weight for 80% of the bearing capacity.

43 TEST SAND

In previous tests Reid-Bedford sand was used for centrifuge testing at the University of
Florida. Due to a short supply and the difficulty to obtain more, it was decided to make a soil mixture
with similar properties as a substitute.
431 T Pr i

The new soil mixture, hereafter referred to as mixed sand, is composed of two different types
of sand from nearby sand mines. After analyzing several trial mixtures by grain size distribution
analysis a final mixture and sieve analysis were conducted in accordance with ASTM D-42. The
results of this are given in Tables 4-2 through 4-4. A series of triaxial tests were also run and the
results are reproduced in Table 4-3.

Table 4-2 Sieve Analysis on Mixed Sand

Sieve Number | 20 30 40 50 60 | 100 | 200

Opening size | 0.85 | 0.60 | 0.43 | 0.30 | 0.25 | 0.15|0.08
(mm)

Percent Passing |99.97199.30]94.84177.46]59.35]|8.31[0.10
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Table 4-3 Triaxial Test Results
Unit weight 13.76 14.37 14.71 14.81 15.16
[KN/m?]
Relative 23.8% 51.7% 66.2% 70.4% 84.8%
Density
Phi angle 32.6 36.9 38.2 39.2 41.0
[degrees]

Additional laboratory testing included a determination of the maximum and minimum void

ratio and a specific gravity test in accordance with ASTM D-422 specifications. The results are

shown in Table 4-4.
Table 4-4 Additional Laboratory Testing

Specific Gravity 2.645
Maximum Void Ratio 0.957
Minimum Void Ratio 0.671
Minimum Unit Weight [KN/m®] 13.28
Maximum Unit Weight [KN/m®] 15.56
Uniformity Coefficient 1.7
50% passing size [mm] 0.23
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CHAPTER 5
SAMPLE PREPARATION AND TEST PROCEDURE

5.1 SAMPLE PREPARATION

Two relative densities were used for each of the tests (loose and medium dense) and they
were 36% and 55%. The samples were prepared by pouring the sand through three rectangular
screens stretched tightly across and encased in a wooden box which prevents the sand from falling
out of the sample container. The screen size opening is roughly equivalent to a number 14 sieve.
When preparing the 36% relative density sample, the sand was rained down through this wooden box
on top of another resulting in a drop height of 22 inches to the soil sample bucket. For the 55% rela-
tive density sample, the sand was rained down through two additional boxes for a drop height of 31

inches to the bucket. A picture of the boxes is shown in Figure 5-1.

Figure 5-1 Sand Raining Boxes
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The volume of the bucket is 1.116 cubic feet. Once the sand was in the bucket it needed to
be scraped flush with the top of the bucket and then weighed. Repeat thls process until the correct
weight to yield the prescribed sample density. Samples were weighed using a transducer and the
WEIGH program on the centrifuge PC. For the 36% loose sample the weight had to be 101.95 £ .05
Ibs before scraping and for the 55% relative density dense sample the weight before scraping had to
be 105.25 + .05 Ibs. During the weighing, sand usually had to be added to increase the weight. Once
the weight was obtained the actual sample density was calculated and recorded. Then a 1 inch layer

was scraped from the top of the sample to ensure that the strain gages would not be in the sand

during loading.

5.2 TEST PREPARATION
52.1 Ii B lation

Before testing could begin, the additional weights of the equipment on the swing out platform
side of the centrifuge arm due to the samples had to be balanced by an appropriate counterweight on
the opposite side. The weights were calculated at 1g and the distances were from the axis of rotation
to the centroid of the object when the swing out platform was up. The centrifuge arm length was
63.375 inches measured from the center of rotation to the bottom of the swing out platform when
it was fully extended. From past data it was assumed that the moment due to the permanent centri-
fuge equipment was equal to 17,934 inch Ibs and that the out of balance moment caused by the
camera weight was within acceptable tolerances. The distance from the bottom of the platform to
the center of the bucket was equal to 6.5 inches, and the distance from the top of the bucket to the

center of the pile driver was 14.5 inches.
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The maximum and minimum moments on the equipment side of the centrifuge arm are given
in the bottom of Table 5-1. These extremes were the result of weights diﬂ'er;ences among the samples
due to dead loads (20%, 50%, 80%) and soil densities (loose versus medium dense). In particular,
the maximum moment was calculated for a medium dense sample with 80% dead load and the mini-
mum was for a loose sample with 20% dead load. The average of these, 17,146 inch Ibs, when com-
pared to the moment produced by the permanent centrifuge equipment, 17,934 inch Ibs, was found
to be out of balance by 788 inch lbs which was not acceptable.

After a review of the material immediately available at the centrifuge, it was decided to place
two plates totaling 16.5 Ibs on the counterweight side and to place a 25 Ib plate on swing out plat-
form to balance these. The additional calculations are given in Table 5-2 below. The new permanent
moment on the centrifuge with the addition of these plates was 18,644 inch Ibs and the average of
the testing side was 18,730 inch Ibs. This led to an out of balance moment of 86 inch Ibs which was

within the acceptable tolerances of the centrifuge.

Table 5-1 Centrifuge Balance Calculations

Equipment Wt | Wt R R, Mo M,
(Ibs) (bs) | (inches) | (inches) | (inchlbs) | (inchIbs)
Sand Sample 10527 | 101.95 | 55.875 | 55.875 5696.46 | 5881.96
Bucket 149.46 | 149.46 | 56375 | 56375 8425.81 | 8425.81
Pile Driver 4975 | 49.75 | 35375 | 34.495 1716.13 | 1759.91
Dead Load 16.07 6.3 43775 | 50.775 275.8 785.581
41.885 | 48.885
Multiplexer box 21.0 21.0 11.5 11.5 241.5 241.5
Bucket connecting 5.6 5.6 52.875 52.875 296.1 296.1
cable
2 LVDT, clamps, 2.5 2.5 49.875 | 49.875 124.7 124.7
loading rods
Sum= | 16776.5 |17515.6
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Table 5-2 Additional Centrifuge Calculations

Location of Additional Distance from Additional New Moment
Weight Weight COR (inches) Moment (inch-lbs)
(Ibs) (inch-lbs)
Counter 16.5 43 709.5 18,644
Weight Side
Swing out 25 63.375 1584 18,730
Platform side
Difference = 86
5 ] o the Pi ver

The piston rods in the pile driving pistons were fully retracted and the pile base plate and pile
caps were put up into the pile driving superstructure. The pile caps were then attached to the piston
rods using duct tape. This was done in order to prevent the pile tips from disturbing the sample as
the pile driver superstructure was lowered onto the bucket. The trap door was then attached to the
threaded ends of the trap door piston rods. After this the trap door was lifted up. The pile driver was
then lowered onto the bucket, making sure the steel pins on the driver fit securely into the corre-
sponding holes on the bucket. Once the driver was onto the bucket the steel frame was put onto the
pile driving base plate. Four 0.375 inch steel threaded rods were then inserted through the steel frame
and into the holes in the base plate of the bucket and secured using a series of washers.

523 rin ket Into th ntri

Once a sample was prepared and the driver attached to the bucket, the testing apparatus was
lowered into the centrifuge and placed onto the swing out platform. As it was lowered the holes on
the bucket were lined up with the corresponding ones on the swing out platform of the centrifuge.
The bucket and driver were then secured to each other using four 0.4375 inch bolts. A picture of the

bucket and driver mounted on the centrifuge arm is shown in Figure 5-2.
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Figure 5-2 Bucket and Driver Mounted on the Centrifuge Arm

524 mentation mb] Testin,

Once the driver was secured onto the bucket in this manner the plugs from the piles were
inserted into the appropriate outlets on the multiplexer. This connected the strain gage output to the
centrifuge PC. Next the loading rod with the 1000 pound load cell at the tip was inserted into the
4 inch diameter air piston.

After this the horizontal LVDT was then screwed into a bar projecting upwards from the
bucket so that it touched the cross bar that moved in tandem with the loading piston. Next the tubes
from the air valves on the manifold for the loading piston, three driving pistons, retraction, and trap
door were screwed in the appropriate ports. The vertical LVDT was screwed into its bar on the pile

driver base so that it was touching the pile base plate so it could record vertical deflection during
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loading. At this point a zero reading was taken in LPG-TOM to see if the load cell was reading

correctly. Another reason was to see that the LVDT output was within the correct range, +15 Volts
to -15 Volts, and to check the strain gage output to see if any wires had been inadvertently severed.

A picture of the LVDT, loading piston, and air piston as they are set up down inside the centrifuge

is given in Figure 5-3.

Figure 5-3 Horizontal LVDT, Loading Rod and Piston

525 Pile Pre-embedmen E; Applicati

Once the readings were determined to be satisfactory the tape holding the pile rows to the
retracted driving pistons was removed and the pile rows were carefully pre-embedded into the soil
a distance of approximately 3 inches. This was done making sure to minimize sample disturbance.

The primary reason for pre-embedding the pile group was to provide stability during driving. After
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the piles were pre-embedded, DEVCON 2 ton epoxy and it’s hardener were mixed together and
stirred for three minutes before being applied to the pile base plate. No epoxy was applied to the
bottom of the pile cap and care was taken not to get any epoxy on the guiding rods as this would

interfere with driving.

5.3 TEST PROCEDURE

At this point the door to the centrifuge was closed and the speed control driver was pro-
grammed to output a frequency of 30.17 Hz. A picture of the speed control driver is given in Figure
5-4. This brought the centrifuge’s speed of rotation to 178 rpm which resulted in an acceleration 45

times normal gravitational acceleration at the surface of the sample.

R S

Figure 5-4 Speed Control Driver

5.3.1 Pile Drivin

Pile driving was controlled with the control panel which was mounted on the air pressure reg-

ulator as shown in Figure 5-5. Six switches are visible above the pressure regulator. These switches
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Figure 5-5 Air Pressure Regulator and Control Panel

are numbered 1 through 6 from left to right and they control the flow of air pressure to the various
pistons on the bucket and the driving superstructure.

The two valves above these switches are the three and four way valves which govern the
usage of regulated and unregulated air pressure. The regulator knob directly below the large pressure
gage controls the magnitude of the applied lateral load. To start driving, switches 1 to 3 were toggled
on, allowing regulated air through the rotary union to the top ports of the driving pistons. Subse-
quently, pressure was controlled with the regulator and the rows were driven individually. In the
case of the 3 x 3, the middle was driven and then the 2 outer rows. For the case of the 4 x 4, the
two inner rows were driven first and then the 2 outer rows.

Once all the piles were driven, switches 1 to 3 were toggled off, and switch number four was
toggled on, allowing regulated pressure into the bottom ports of the driving pistons and allowing the
driving pressure to vent from the top ports. The pressure regulator was set to an appropriate seating
pressure, usually 30 psi. Sometimes the seating pressure was set higher if it was felt that there was
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insufficient contact between the pile caps and the base plate. This seating pressure was maintained
for at least three hours in all tests to allow the epoxy to adequately harden l—>efore lateral load testing
began. If the epoxy was not hard enough during testing the pile caps for each row could separate
from the base plate and jeopardize all of the test results.
532 Later Testin

After the three hours had passed the lateral load test began. This was conducted using the
pressure regulator and the computer program LPG-TOM. A picture of the apparatus during testing
is given in Figure 5-6. The first step was setting the three way valve and the four way valves such
that the regulated pressure passed through the E/P transducer and was under the control of the LPG-

TOM computer program. The next step was to turn off switches 1 through 3 and turn on switch 4.

Figure 5-6 Testing Apparatus

Once this was done the driving pistons were fully retracted into the driving superstructure. After this,

switch 4 was switched to the off position. Next the switch controlling the trap door, switch S, was
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set to the down position, dropping the trap door below the pile base plate. At this point the pile
group was supported by the soil only. After the trap door was dropped,_ switch 6 was turned on,
allowing regulated pressure down into the loading piston. A zero reading was taken for all the equip-
ment as a final check on instrumentation. Next the three way and four way valves were set so that
they allowed regulated pressure to travel through the PC controlled E/P transducer to the loading
piston. This transducer was controlled by PC in order to produce the correct air pressure in the
loading piston.

The lateral load was then applied. The load applied, as measured by the load cell at the tip
of the piston, and the lateral movement, as measured by the LVDT, was sent to LPG-TOM through
the data acquisition unit at each load step. The computer stored these voltage signals in a text file
and displayed them on the screen in model and prototype units. The computer would sample data
5000 times and report the average every two minutes for a period of 6 minutes. This continued until
the pile group reached failure at a lateral deflection of 3 inches.

53.3 End of in

After the pile group failed the centrifuge was stopped and all the air pressure was turned off
as were the power supplies. The pile group was then examined to see if there were any problems with
contact pile cap and pile base plate contact. Another possible problem was the one of excessive pile
cap rotation. This was a problem because it could cause the top of the guiding rods to touch the
bottom of the retracted driving pitons during testing. It could also cause the pile base plate to come
in contact with the trap door during testing. Any one or a combination of these occurrences could
adversely affect the results and necessitate repeating the entire testing procedure. After the driver,
bucket, and pile group was lifted out of the centrifuge, the epoxy on the pile base plate was scraped

off and the area cleaned to ensure a clean contact area for future tests.
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CHAPTER 6
RESULTS AND DISCUSSION
6.1 3 BY 3 LOAD DEFLECTION RESULTS
The load deflection data for the 3 by 3 groups are given in Table 6-1 below. The loads given
are the average of two different days’ tests. The repeatability was good for the majority of the tests.
The Dead loads are a percentage of the bearing capacity of the pile group as determined by centrifuge

tests. Appendix B contains the original data from which this table was made.

Table 6-1 3 by 3 Load Deflection Results

Average Average Average
3by3 R, Dead Loafi Batter . Load at .1 in. | Load at? in. | Load at.3 in.

(%) | (% of capacity) | Configuration | deflection deflection deflection
(ton) (ton) (ton)
36 21.8 3F6R 110 145 170
36 21.8 6F3R 115 145 175
36 48.4 3F6R 120 155 190
36 48.4 6F3R 115 165 195
36 78.5 3F6R 110 140 175
36 78.5 6F3R 125 165 190
55 17.9 3F6R 140 182 210
55 17.9 6F3R 95 145 180
55 48.1 3F6R 155 205 235
55 48.1 6F3R 130 185 225
55 82 3F6R 135 185 230
55 82 6F3R 145 195 225

6.1.1 Effect of Batter Direction in 36% R, Soil
In36% R soil and at 21.8% of vertical dead load it can be seen that there is no great differ-

ence in lateral capacity with respect to the batter direction; the 6F3R group is only 2.94% higher at
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3 inches. The At 48.4% vertical dead load on the pile cap there is also no significant change in lateral
capacity with a change in batter configuration; the 6F3R group has a 2.-6% higher capacity at 3
inches. At 78.5% dead load the greatest capacity increase with increasing number of forward
battered piles was observed. The increase was 14%, 18% and 9% at 1, 2 and 3 inches respectively.
6.1.2 Effect of Batter Direction in 55% R, Soil

At 55% relative density the difference in capacity with batter direction was more discernible
for every load case. At 17.9 % dead load the group with the greater number of piles battered in the
reverse direction has a higher capacity. In particular the increases were 47%, 26%, and 17% at 1,
2, and 3 inches respectively. The same was true for the groups with 48.4% dead load though the
increases were smaller. They were 19%, 11%, and 4% at 1, 2, and 3 inches respectively. At 82%
the smallest capacity increase with increasing number of tension piles was observed. The increases
were 7%, 5%, and 2% at 1, 2, and 3 inches respectively.
6.1.3 Effect of Dead Load in 362 il

There was a significant increase, 11.8% at 3 inches, in lateral resistance for the groups with
3F6R configuration as the dead load increased from 21.8% and 48.4%. Increases of 9% and 7% were
observed at 1 and 2 inches. As the dead load increased to 78.5%, the resistance at 3 inches was
observed to decrease by 8.6%, load at 2 inches decreased by 10.7% and at 1 inch by 9%. This data
suggests that the lateral capacity of groups in 36% soil increases with dead load up to a point, most
likely because of increased pull out resistance of the tension piles, and then decreases. The decrease
probably occurs because of the bearing failure capacity of the compression piles.

The capacity of 6F3R groups increased as the dead load amount went from 21.8% to 48.4%
of the bearing capacity. The magnitude of this increase was 11.4% at 3 inches of deflection. The

load at one inch remained the same and the 2 inch load increased by 14%. As the dead load increased
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to 78.5% the resistance of the group at 2 and 3 inches of deflection remained essentially constant
while at 1 inch it increased by 9%.
6.1.4 Effect of Dead Load in 55% R, Soil

For the groups battered 3F6R there was an increase in lateral resistance between the pile
groups with 17.9% and 48.1% dead load. The magnitude of this increase was almost equal at all
deflections being 12%, 13%, and 11% and 1, 2, and 3 inches respectively. As the dead load increased
from 48.1% and the 82% the lateral resistance at 3 inches decreased by 4%. Similarly, the loads at
1 and 2 inches decreased by 15% and 11% respectively.

The groups with 6F3R pile configurations showed a large increase in lateral resistance at all
deflections as the dead load changed from 17.8% to 48.1% of the vertical bearing capacity. The
increases were 37%, 28%, and 25% at 1, 2 and 3 inches respectively. The 3 inch capacity remained
about the same with the increase in dead load from 48.1% to 78.5% dead load. At 1 and 2 inch
deflections the load increased slightly by 5.4% and 7.4% respectively.

6.1.5 Effect of Density

There was a large increase in capacity with density for the 3F6R groups at 20% dead load.
At 1, 2 and 3 inches of deflection the resistance increased by 27%, 26%, and 18% respectively. An
even larger increase was observed for the groups with 50% dead load; 29%, 32% and 24% at 1, 2,
and 3 inches of deflection. A similarly large increase was observed at 80% dead load being 31.4%,
32%, and 23% at 1, 2, and 3 inches of deflection respectively.

For the groups battered 6F3R and with 20% dead load the changes in lateral resistance with
increasing density at all deflections were small, less than 5%. In contrast to this the groups with 50%

dead load experienced significant resistance increases with increasing density. They were 13%, 12%,
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and 13% at 1, 2, and 3 inches of deflection respectively. At 80% dead load the capacity increased
by nearly equal percentages, between 16% and 18% at all deflections.
Overall the groups with 3F6R pile configurations experienced a much higher increase in lateral

resistance, almost twice as much, with density than the 6F3R groups at all dead loads.

6.2 LATERAL LOAD DISTRIBUTION FOR 3 BY 3 GROUPS
Table 6-2 shows how the lateral load was taken up by the individual rows in each of the pile
groups tested. The percentages for each row were in terms of total lateral load and the dead load was

in terms of percentage of bearing capacity determined by centrifuge tests. These results of these tests

were discussed in Chapter 4.

Table 6-2 Lateral Load Distribution for 3 by 3 Groups

Density Dead Load Batter Lead Row | Second Row | Trail Row
(%) (%) Configuration (%) (%) (%)
36 21.8 3F6R 43.50 354 21.1
36 21.8 6F3R 49.5 294 21.1
36 48.4 3F6R 36.3 35.2 28.5
36 48 4 6F3R 443 294 26.3
36 78.5 3F6R 322 27.4 40.4
36 78.5 6F3R 28 31.2 40.8
55 17.9 3F6R 43.8 343 21.9
55 17.9 6F3R 425 28.1 294
55 48.1 3F6R 325 33.1 344
55 48.1 6F3R 35.5 34.7 29.8
55 82 3F6R 30.6 29.3 40.1
55 82 6F3R 30.2 35.5 34.3
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2.1 Effect of B Directi

At 36% density, 3F6R and 21.8% dead load, the highest percentage- of the load was taken by
the lead row and for the group battered 6F3R the highest percentage was also in the lead row. With
the increasing number of piles battered forward the lead row’s percentage of the lateral load increased
while the middle row decreased and the trail row remained constant. The same was true for groups
with 48.4% dead load for both configurations although the trail row showed a slight decrease in load
percentage. At 78.5% dead load, 3F6R, the load percentage in the lead row decreases and was taken
mostly by the middle row, with only a small increase in the trail row percentage.

At 55% density, 3F6R and 17.9% dead load, the lateral load taken by the lead row decreased
slightly with a larger reduction in the second row as the configuration changed to 6F3R. This load

was taken by the trail row. With 48.1% dead load, the lateral load was fairly evenly distributed

“among the rows at the 3F6R configuration. When the configuration was reversed, increasing the

number of forward battered piles, the distribution became skew toward the leading rows and middle
rows. At 82% dead load, the data suggest for the 3F6R configuration that the trail row took the most
load while the lead and second rows took about equal portions of the lateral load. As the number of
piles battered forward increased, at 82% dead load, the load became more evenly distributed among
the rows. The percentages for the 6F3R case at 82% dead load were 30.2%, 35.5%, 34.3% for the
lead, second, and trail row respectively. The load percentages should be increasing from the lead to
the trail row.
2.2 Effect of Dead Load in 36% R. Soil

From the results it was observed that a greater portion of the lateral load was being carried
by the trailing rows for the 3F6R groups with increasing dead loads. The lead row showed the largest

reduction in load percentage and the middle row showed a smaller reduction. For the groups battered
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6F3R, the greater portion of the load shifted from the lead row to the trail row. Also in these groups
the percentage taken by the middle row remained almost constant (i.e., 29.4‘% vs. 31.2%) as the dead
load changed from 21.8% to 78.5% of the bearing capacity of the group. In both configurations the
load percentage of the trail row almost doubled as the dead went from 20% to 80%.
6.2.3 Effect of Dead Load in 55% R, Soil

It was observed for the 55% density samples with 3F6R configurations that the amount of
increase in the lateral load was taken mostly by the trail row as the dead load increased. The percent-
age in both the lead and middle rows decreased. The load percentage in the lead row experienced
a larger reduction than the middle row. As the dead load changed from 17.9% to 82% the percentage
of lateral load carried by the trail row nearly doubled, from 21.9% to 40.1%. For the groups battered
6F3R, a larger portion of the lateral load was taken by the second and trail rows with increasing dead
load. The overall effect was that the lateral load was distributed more evenly among the rows. This
was evident after comparing the load percentages for 17.9% and 82% dead load (42.5%, 28.1%,
29.4% 10 30.6%, 34.3%, 35.5%). The load percentages for 17.9% dead load were unusual since the
load percentages were expected to decrease from the lead row to the trail row.

2 nsi

Groups with 3F6R configuration for 20% dead load experienced no significant change in load
distribution with a change in density. In contrast, the groups with 6F3R and 20% dead load, the per-
centage of load taken by the lead and second row decreased and the trail row load percentage
increased with increasing densities. The decrease in the middle row was smaller than in the lead row
suggesting that the load basically shifted from the lead to the trail row.

For the 50% dead load in 3F6R, the lateral load percentages changed significantly with change

in densities, from 36.3%, 35.2%, 28.5% to 32.5%, 33.1%, 34.4%% for the lead, middle and trail
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rows, respectively. It was clear that the load shifted from the lead and second rows to the trail row.
This also occurred for the 6F3R cases; however the trend was not as sigr;iﬁcant as observed in the
3F6R groups.

For the 80% dead load case there was no major redistribution in load for any rows in the
3F6R groups. For the groups with 6F3R, the effect of the density increase was that the lateral load
shifted from the trail row to the lead and middle rows. The load distribution percentages for the
6F3R groups at 55% density were 30.2%, 35.5%, and 34.3% for the lead, middle and trail rows,
respectively. These distribution percentages were unusual, normally they would decrease from the

lead to trail row.

6.3 PILE GROUP ROTATION FOR 3 BY 3 GROUPS

Table 6-3 below gives a summary of the vertical displacements, as measured by the vertical
LVDT, for the 3 by 3 pile groups at 150 tons of lateral load. The values listed in the table represent
the averages of two days’ tests.

f Batter Configuration

In the tests performed in the 36% relative density soil, the data implied that the pile group
rotation decreased as the number of piles battered in the forward direction increased. For 21.8 and
78.5% dead load, the vertical deflection for the 6F3R was significantly lower than the 3F6R. At
48.4% dead load the vertical deflections for the 3F6R and the 6F3R were similar in value, 0.55 and
0.6. For both group configurations with 48.4% dead load, it appeared that the dead load tended to
minimize rotation. The results in the tests conducted in the 55% relative density soil were nearly the
opposite of the 36% relative density tests in which the rotation of the pile group increased with an

increase in the number of piles battered forward. The sole exception was at 80% dead load where
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Table 6-3 Pile Group Rotation for 3 by 3 Groups

Dz;:;ty Dea(d%I.).oad Batter Configuration Ver::?slgig;mon
(inches)
36 21.8 3F6R 1.02
36 48.4 3F6R 0.5
36 78.5 3F6R 1.1
55 17.9 3F6R 0.35
55 48.1 3F6R 0.24
35 82 3F6R 0.48
36 21.8 6F3R 0.6
36 48.4 6F3R 0.55
36 78.5 6F3R 0.8
35 17.9 6F3R 0.58
55 48.1 6F3R 0.55
35 82 6F3R 0.36

the vertical deflection was higher for the 3F6R than the 6F3R configuration. The smallest rotation

was found at the 48.1% dead load case.

6.3.2 Effect of Dead Load

The data suggested that at 50% dead load the least amount of rotation occurred regardless
of soil density or batter direction. The only exception was in the 6F3R group in the 55% density soil.
In this case the smallest rotation occurred at the 82% dead load. For the 6F3R groups in the 36%
and 55% soil densities the pile cap rotations for the 20% and 50% dead load cases were very similar.
The amount of rotation for the 50% dead load case was 10% (36% soil density) and 5% (55% soil
density) smaller than the 20% dead load case even though the dead load was more than doubled.
This result suggests that the pile cap rotation will not change significantly until the dead load reaches

some value beyond 50% for a 6F3R group.
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633 E nsi

The result of the tests showed that the rotations of the pile gr01;ps decreased as the soil
density increased. This effect was more pronounced in the 3F6R groups where the rotations
decreased by at least one half for all dead loads. In the 6F3R groups, the rotations were similar at
the 20% dead load as that of the 50% dead load case. It suggests that the group rotations might be
independent of soil density at dead loads less than 50% for 6F3R groups. For the 80% dead load,

the rotation decreased by more than one half as the soil density increased from 35% to 55%.

6.4 4 BY 4 LOAD DEFLECTION RESULTS

Table 6-4 gives the lateral load deflection results for the 4 by 4 pile group tests. The loads
in this table represent the average of two days’ tests. The repeatability was generally good for all the
tests. The dead loads are percentages of the bearing capacity of the pile group as determined by

centrifuge tests. Appendix B contains the original data from which this table was made.

Table 6-4 4 by 4 Lateral Load Deflection Results

4by4 R, Dead Load | Average Load | Average Load | Average Load
(%) (%) at 1" deflection | at 2" deflection | at 3" deflection

36 229 170 240 300

55 18.7 230 290 370

36 48.6 220 320 390

55 51.6 220 340 430

36 82.6 220 340 400

55 79.6 260 400 500
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6.41 Eff fDead L.

The lateral resistance of the group increased with increasing dead lo_ad for 36% and 55% soil
densities. For 36% relative density, the largest increase occurred between the 22.9% and 48.6% dead
load cases. These were 18%, 25%, and 38% at 1, 2, and 3 inches deflection, respectively. The resis-
tance increase between the 48.6% and 82.6% dead load cases was almost negligible being, i.e., 0%,
6%, and 3% for all deflections. For 55% relative density, the lateral resistance increases with the
increase of dead load. The increases between the 18.7% and 51.6% dead loads were 17% and 16%
at 2 and 3 inches deflection, respectively, with the exception of the 1" deflection at which the load
decreased slightly. The percentage increase of the 51.6% and the 79.6% dead load cases was similar
ranging from 16% to 18% for each deflection.

6.4.2 Effect of Density

As expected the lateral capacity of the group increased with increasing soil density. The
largest increase occurred at 20% dead load. The increases were 35%, 20%, and 23% at 1, 2, and 3
inches of deflection, respectively. The smallest rise (0%, 6%, and 10%) was observed at 50% dead

load. For 80% dead load, the increase was 18%, 18%, and 25% for all deflections.

6.5 LATERAL LOAD DISTRIBUTION FOR 4 BY 4 PILE GROUPS
A description of how the lateral load was distributed among the rows is given in Table 6-5.
The lateral loads given for each row are the percentages of the total applied lateral load. The dead

loads are the percentages of the vertical ultimate bearing capacity of the group as determined in

Chapter 4.
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6.5.1 Effect of Dead L

In 36% relative density soils as the amount of dead load increased ﬁ:om 22.9% to 48.6%, the
load taken by the trail row increased significantly, and the lead rows decreased slightly. As the dead
load went up from 48.6% to 82.6% the load taken by the lead row increased at the expense of the
trailing rows. The load distribution remained practically constant when the dead load increased from

18.7% to 51.6% of the bearing capacity for the 55% soil density case. As the dead load increased

Table 6-5 Lateral Load Distribution for 4 by 4 Groups

Density Dead Load | Lead Row | Second Row | Third Row | Trail Row
() () (%) (*4) (%) ()
36 229 333 293 264 11
36 48.6 31.2 26.1 25.7 17
36 82.6 39 23.8 23.2 14
55 18.7 34.8 274 24.6 13.2
55 51.6 34.8 27 242 14
55 79.6 28.4 27.2 26.2 18.2

from 51.6% to 79.6%, the percentages of load carried by the middle two rows did not change
significantly while the load shifted from the lead to the trail row.
S il Densi
At approximately 20% dead load, it appeared that lead and trail rows carried slightly more
loads at the expense of the middle rows. At approximately 50% dead load, the load percentages of
the trailing two rows decreased while the leading rows increased with increasing density. At 80%
dead load, the lead row percentage dropped by 10.6%, when density increased from 36% to 55%.

The decreased amount was evenly distributed among the trailing rows.
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6.6 PILE GROUP ROTATIONS FOR 4 BY 4 GROUPS

Table 6-6 below gives the displacements measured by the vertical L\}DT when the pile group
was loaded to 200 tons. The graphs of the original data used to generate this table are presented in
Appendix B.

Table 6-6 Pile Group Rotations for 4 by 4 Groups

Dﬁ;sity Dead Load Ve“:iazl(gif;zﬁon
0) &) (inches)

36 229 0.3

36 48.6 0.03

36 82.6 0.1

53 18.7 0.15

35 51.6 0.07

53 79.6 0.07

6.6.1 Effect of Dead L.oad

In loose sands the smallest rotations occurred in the pile groups with 50% dead load. 1t also
suggests that in medium dense sands the pile group rotation decreased while dead load increased from
18.7% to 51.6% and then remained constant, while dead load increased from 51.6% to 79.6%.
6.6.2 Effect of Density

At 20% dead loads, the cap rotation reduced by one half as the density increased from 36%
to 55%. At 50% dead loads the rotation increased from 0.03 to 0.07 inches as the density increased
from 36% to 55%. At 80% dead loads the rotation decreased from 0.1 to 0.07 inches with increasing

soil density.
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CHAPTER 7
FLORIDA PIER COMPARISON

7.1 INTRODUCTION

FLORIDA-PIER is a finite elements program that can be used to predict the behavior of pile
groups in sand subjected to both lateral and vertical loads. In these experiments the program was
used to model the centrifuge load-deflection, shear, and axial force responses. When using this pro-
gram the lateral and axial soil-pile interaction model, and the required soil properties used to predict
the behavior of piles are chosen by the user. This chapter gives some general background of the
FLORIDA-PIER. Some representative test results are also presented to compare with the program’s

predictions.

7.2 SOIL PROPERTIES

The soil model used in this analysis is based on the p-y model developed by Reese, Cox, and
Koop (1974) through their testing of pipe piles. The input soil properties required by this model are
the unit weight, angle of internal friction angle, Poisson’s ratio, subgrade reaction modulus, shear
modulus, and coefficient of skin friction on the pile. The unit weight was obtained by weighing a
sample of known volume. The angle of internal friction was obtained from triaxial tests previously
performed by Molnit (1995); the results of which are given in Chapter 4. Poisson’s ratio was taken
as 0.2 as recommended in Appendix B of the FLORIDA-PIER manual. The remaining properties
were difficult to measure and estimations were required. A more detailed discussion of their determi-
nation is provided in Appendix A. All properties were input into FLORIDA-PIER in kips and inches.
Table 7-1 lists the final soil properties used in the program. The asterisk on the shear modulus (G)

values indicates that the value is at the pile tip.
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Table 7-1 FLORIDA-PIER Input Data

Density ¢ k Y G T
(ki) (ksi) (ksi) (ksi)
Loose (top) 345 0.029 0.0000517 0.0015 0.0015
(bottom) 345 0.029 0.0000517 | 1.05/0.95* 0.00806
Dense (top) 37.1 0.06 0.000053 0.0015 0.0019
(bottom) 37.1 0.06 0.000053 1.3/1.1* 0.0085

7.3 PROTOTYPE DIMENSIONS

The diagram given in Figure 7-1 is the dimensions of the scaled up pile group configurations.
The free length for each pile group was 107.9 inches, the pile length was 517.5 inches as measured
from the center of the pile cap, and the soil depth was 517.5 inches. Also when the pile groups were

input into FLORIDA-PIER a 1.5 pile diameter overhang was added to the pile cap.

3 by 3 Pile Group 4 by 4 Pile Group

517.5 inches

Figure 7-1 Pile Group Dimensions

7.4 py MULTIPLIERS

P-Y curves were based on the ones developed by Reese, Cox, Koop (1974) and the general

shape of them are shown in Figure 7-2. P-Y multiplier values used were 0.8 for the lead row, 0.4 for
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the second row, 0.3 for the third row, and 0.3 for the trail row in the 4 by 4 groups. These values
were used for all of the load cases according to McVay et al. (1994). The p-y multipliers are for pile

spacing of 3 pile diameters.

Xs0

3b/80

Figure 7-2 P-Y Curves for Static and Cyclic Loading of
Sand (after Reese, et al, 1974)

7.5 REPRESENTATIVE PREDICTIONS FROM FLORIDA-PIER

A representative sample of the FLORIDA-PIER predictions and the data collected in these
experiments are given below. The figures in this section are for a 3 by 3 pile group founded in
medium dense sand with a dead load equal to 17.9% of its ultimate vertical bearing capacity on top
ofit. Figure 7-3 depicts the lateral load versus the lateral defection measured during testing. The
results from the tests of three different days are repeatable and they show the same general shape.

The FLORIDA-PIER prediction is the solid line with the FP abbreviation. It is evident that the pre-
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diction follows the same general shape of the measured loading curves. In the beginning portions the
predictions show slightly softer behavior than that of measured but after api)roximately 1.5 inches of
deflection it matches almost exactly with the measured data.

Figure 7-4 shows the shear in each of the piles in the lead row versus the measured lateral
deflection. The “O” stands for the outer piles of the group and the “T” stands for the inner piles of
the group. The dashed line is the prediction for the inner rows and the solid is the prediction for the
outer rows. The predictions are close to the measured values at lower deflections and then become
significantly higher than the data after approximately 1.5 inches deflections. There are some scat-
tering among the data obtained from tests at different dates but they retain the same general shape.
In particular the inner rows whereas the measured data tend to flatten out below the FLORIDA-PIER
predictions. The predictions for the outer rows is reasonably close to the measured data.

Figure 7-5 shows the shear force of the piles in the second row versus the lateral deflection.
It is evident that the FLORIDA-PIER predictions follow the same general trend of all the test data.
However, data obtained from tests performed at various dates were not quite the same.

Figure 7-6 shows the shear force in the trail row versus the lateral deflection. The data shows
fairly good repeatability between the tests performed on two different dates. Also the FLORIDA-
PIER predictions follow the same trend as the data.

Figure 7-7 depicts the sum of the shear in each pile row versus the lateral deflection of the
group. TheL, 2, and T in the legend stand for the lead, second, and trail rows respectively. The data
shows that the second and trail rows had good repeatability between the two days’ tests. The lead
row, however, did vary significantly. The FLORIDA-PIER predictions for the second and trail rows
begin very close to the data and then become slightly higher. The lead row prediction matches one

day’s data well while it is significantly higher than the other day’s.
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Figure 7-8 shows the axial resistance in the lead row versus the lateral displacement of the
group. The data for the inner rows shows excellent repeatability. The data ;‘or the outer rows shows
fairly good repeatability although the July 15 data for one of the outer rows shows it in compression
while the rest are in tension. The FLORIDA-PIER prediction for the inner rows follows the same
general trend as the data though it is slightly lower. The prediction for the outer piles follows one
day’s data well, showing it in compression, but does not predict the other set of outer piles very
accurately.

Figure 7-9 shows the axial force of each of the piles in the second row versus the lateral de-
flection. The repeatability of the outer piles’ data is good while the inner piles do vary significantly.
The FLORIDA-PIER predictions for the outer rows follow the same general trend and match the data
well. The prediction for the inner row follows the same general trend as the data and matches one
of the day’s data almost exactly.

Figure 7-10 shows the axial force in the trail row versus the lateral deflection. There is some
scatter between both day’s measured values for the inner piles. The most likely cause is imperfect
bonding. There is a much smaller discrepancy between the outer pile measurements on both days.
The FLORIDA-PIER prediction for the inner row matches the data in that it starts in compression
and later goes into tension. The outer row prediction follows the same general trend as the measured
data until about 1.25 inches and then it begins to go into compression.

Figure 7-11 shows the vertical displacement versus the lateral load. The measured data is
fairly repeatable. The FLORIDA-PIER prediction begins predicting too high a settlement but as the

load increases to 200 tons it begins to match the measured data well.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

The following conclusions were made from this research.

An increase in the amount of dead load on the pile group, from 20% to 50% dead load,
increased the overall lateral resistance for 3 by 3 groups in both batter configurations and soil
densities. In all of the 4 by 4 pile groups an increase in capacity was observed with increasing
dead loads for the 20%, 50%, and 80% ultimate dead load cases.

In loose soil the change in capacity with a change in dead load from 50% to 80% was
dependant on the batter configuration. For the 3F6R groups a softer response was observed
with increasing dead load. In contrast, a slightly stronger response was seen in the 6F3R
groups at both dead loads.

In medium dense sands the lateral resistance at 3 inches did not change significantly with the
dead load change from 50% to 80% for both batter configurations. At 3F6R a softer
response was observed at 1 and 2 inches of deflection and a stiffer response was observed at
6F3R. This implies that as the dead load nears the bearing capacity of the group the ultimate
lateral capacity doesn’t change significantly while the initial portion load deflection response
depends on the pile batter configuration.

In the 3 by 3 tests with 3F6R configuration a greater portion of the lateral load was taken by
the trail row at the expense of the lead and second rows as dead load increased for both densi-
ties. In the 6F3R groups founded in loose sand the lateral load shifts primarily from the lead

to the trail row with only a slight increase in the middle row. In medium dense sand it became

63



more evenly distributed among the rows, with the lead row force being increasingly taken by
the second and trail rows as the increase of dead load. '

In 3 by 3 piles groups at both densities, 50% dead load seems to represent the amount of dead
load needed to minimize pile group rotation. For the 3 by 3 groups founded in loose sand the
rotation decreased with the amount of piles battered forward except at 50% dead load where
they were nearly equal. In medium dense sand the rotation increased with the number of
forward battered piles except at 80%dead load where a decrease was observed. In looser soil
the pile group rotation of a 4 by 4 group appeared to be minimized at the 50% dead load case
and in denser soil it seemed to decrease with increasing dead load.

At the same dead load, the lateral load primarily tended to be shifted from the lead row to the
trailing row with increasing density. The only exception to this was the 6F3R group founded
in medium dense sand which showed the load in the trail row being transferred to the second
row and some to the lead row. The load distribution of 4 by 4 groups founded in loose sand
was such that the load in the lead, second and third rows was increasingly taken by the trail
row with increasing dead load. The load distribution in 4 by 4 groups founded in medium
dense sand tended to shift from the lead row to the trail row, with little change in the middle
rows, with increasing dead load. In 3 by 3 groups the lead and trail rows began to take more
of the lateral load from the second and third rows as the dead load increased.

In general FLORIDA-PIER does a good job of predicting the load deflection response for the
test results in this series of experiments. The only exception, for all groups, was the response
for the groups with 80% dead load on top; the predictions were consistently too soft at the

beginning of the curve but eventually came to match the data well at larger deflections.
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FLORIDA-PIER does a good job of predicting the general shape of the shear curves for all
of the different rows. Its predictions for the trailing rows are generaily close to the measured
values. Its prediction for the lead rows, however, in the pile groups is usually slightly high
especially in some of the 4 by 4 groups.

FLORIDA-PIER does a good job of predicting the axial force in general. In the 3 by 3
groups trail row it has some problems predicting the force correctly. For the lead and trail
rows the prediction is generally accurate. In the 4 by 4 tests the axial results were good all

around with only a few significant discrepancies
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APPENDIX A

FLORIDA-PIER INPUT PROPERTIES






This Appendix describes how three important input soil properties were determined for use
in the FLORIDA-PIER program. These properties are the modulus of subgrade reaction R, , the

shear modululs, and the Poisson’s ratio.

A.1 Modulus of Subgrade Reaction

The modulus of subgrade reactién is defined as the change in contact pressure to the
corresponding change in deflection and has units of force per cubic length. It was particularly
important in these analyses because it governed how the piles moved through the soil. In the program
the user inputs the value of R, for the top and the bottom of the layer. In these analyses the values
at the top and bottom were set equal to each other because the initial slope of the contact pressure
versus deflection plot was linear. Figure B-3 in Appendix B of the FLORIDA-PIER 5.0 manual was
used to make the estimate. This figure is a graph of in situ k versus relative density with considera-
tion given to the position of the water table. It is reproduced in Figure A-1. For sand above the
water table and at a relative density of 36% and 55% the estimates were 0.04 and 0.11 k/in®

respectively. These values were used as a starting point in the subsequent analysis.

A.2 Poisson’s Ratio

Poisson’s ratio was input as 0.2 for sands as recommended in Appendix of FLORIDA-PIER.
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Figure A-1 k versus Relative Density

A3 Shear Modulus (G)

Another of the soil properties the user needs to input is the initial shear modulus of the soil.
This value must be supplied for the top and bottom of each layer in the profile and at the tip of the
pile. The shear modulus is a function of the geological and loading history and type of the soil being
investigated. Usually these values are obtained through SPT and CPT methods. It was not possible
in these tests to obtain any insitu values but an estimate of the SPT blow count was made and a cor-
relation by Kulhways and Mayne (1990) was used to estimate G. The SPT blow count was estimated
using Figure B-2 in Appendix B of the FLORIDA-PIER manual which is reproduced in this appendix

as Figure A-2. The graph was entered with the internal friction angle of the soil and an SPT.

A-2
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Figure A-3 SPT Blow Count vs Friction Angle and
Relative Density (From FLORIDA-PIER 5.0)

number read from the curve corresponding to the correct value of overburden pressure on the soil
layer. SPT values at the top and bottom of the layer and at the tip were obtained. Once all of these
values were obtained the following equations were used to calculate the shear modulus.
E =20,000 (Ng,;)
E = Young’s Modulus for Normally Consolidated sand (psf)
Ng, = SPT blow count at 60% hammer efficiency
Once the Young’s modulus was determined the following equation from the FLORIDA-PIER
manual was used to calculate the shear modulus.
G=0.5 x k x z/(1+RNU)
k = Soil modulus (F/L?)

N
]

Depth below ground surface (L)

RNU = DPoisson’s ratio = 0.2 for sands

A-3






APPENDIX B

ORIGINAL DATA AND FLORIDA-PIER COMPARISON






The following paragraphs describe how to read and interpret the graphs presented in this

appendix. Each paragraph relates to the particular type of graph mentioned in the heading.

B.1 Lateral Load versus Deflection
The two sets of points in these graphs refer to the different days’ tests, the dates of which are

listed in the legend. The lines represents the FLORIDA-PIER prediction.

B.2 Axial and Shear Force versus Lateral Deflection
The three symbols of the diamond, square and triangle in the 3 by 3 graphs represent the piles
in each row for each day mentioned in the graph’s title. The load acts perpendicular to the plane of
the symbols. The diamond and triangle represent the outer piles while the square represents the
middle pile. In the 4 by 4 groups there is an additional symbol, the circle, and it along with the
diamond represent the outer piles. The square and the triangle represent the inner piles. In both sets
of graphs the solid and dashed lines represent the FLORIDA-PIER prediction for the outer and inner

rows respectively.

B.3 Sum of Shear in Each Pile Row versus Lateral Deflection
In the 3 by 3 groups the diamond, square, and the triangle represent the lead, second, and trail
row respectively. The 4 by 4 groups have an additional symbol, a circle, which represents the trail
row. The diamond, square, and the triangle now represent the lead, second and third row respec-

tively. The FLORIDA-PIER predictions are as noted in the legend.

B-1



B.4 Lateral Load versus Vertical Deflection
The two sets of data points represent the values for the two different days of testing. The line

represents the FLORIDA-PIER prediction for the group.
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Figure B-37 Lead Row Shear versus Deflection
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